Conducting polymers (CPs) have attracted much interest as suitable matrices of biomolecules and have been used to enhance the stability, speed and sensitivity of various biomedical devices. Moreover, CPs are inexpensive, easy to synthesize and versatile because their properties can be readily modulated by (i) surface functionalization techniques and (ii) the use of a wide range of molecules that can be entrapped or used as dopants. This paper discusses the various surface modifications of the CP that can be employed in order to impart physico-chemical and biological guidance cues that promote cell adhesion/proliferation at the polymer-tissue interface. This ability of the CP to induce various cellular mechanisms widens its applications in medical fields and bioengineering.
INTRODUCTION
Conducting polymers (CPs) are a special class of polymeric materials with electronic and ionic conductivity. They can be used in the dry or wet state (Xu et al. 2005) owing to their electronic conductivity, their porous structure or because of their processibility in microstructuring processes (Schultze & Karabulut 2005) . The structures of the widely used CPs are depicted in figure 1. A range of biomedical applications for CPs are currently being considered, including the development of artificial muscles (Otero & Sansinena 1998) , controlled drug release (Abidian et al. 2006; ), neural recording ) and the stimulation of nerve regeneration (Schmidt et al. 1997) . Moreover, electrically active tissues including the brain, heart and skeletal muscle provide opportunities to couple electronic devices and computers with human or animal tissues to create therapeutic body-machine interfaces (Warren et al. 1989) . The conductive and semiconducting properties of the CPs make them an important class of materials for a wide range of applications. The important properties of various CPs and their potential applications are discussed in table 1. The origin of electrical conduction in CPs has been ascribed to the formation of nonlinear defects such as solitons, polarons or bipolarons formed during either doping or polymerization of a monomer (Saxena & Malhotra 2002; Tschmelak et al. 2005) . Conductivity in CPs arises from the presence of conjugated double bonds along the backbone of an otherwise insulated structure. In conjugation, the bonds between the carbon atoms are alternatively single and double. Every bond in the backbone contains a localized 'sigma' (s) bond, which forms a strong chemical bond and every double bond also contains a less strongly localized 'pi' ( p) bond (Wise et al. 1998; Heeger et al. 2000) . Conductivity is imparted to these polymers through the use of a dopant ion, which must be introduced to the structure to carry charge in the form of extra electrons. The dopant neutralizes the unstable backbone when the polymer is in the oxidized form. On application of a potential across the film, a flux of ions either in or out of the film, dependent on dopant charge and motility, disrupts the stable backbone, resulting in the passage of charge through the polymer film. Conducting oligomers of pyrrole and thiophene connected by ester linkages have been considered for the creation of temporary scaffolds for cell attachment and proliferation for tissue engineering applications. In addition, these scaffolds are biodegradable (Rivers et al. 2002) . The possibility of growing cells on CPs has proven the biocompatibility of these polymers (Schmidt et al. 1997; Garner et al. 1999a,b) . Further, recently the biocompatibility of PPy and PEDOT films and PPy and PEDOT nanotubes was evaluated using a dorsal root ganglion model (Abidian et al. 2010) . The implantation of CPs in vivo for several weeks has led to only minimal inflammation, again pointing to low toxicities and good tissue compatibility (Schmidt et al. 1997; Garner et al. 1999a,b; Rivers et al. 2002) . Moreover, successfully demonstrated that PEDOT nanotubes could record neuronal spikes about 30 per cent more than control sites with a high signal-to-noise ratio (SNR) for seven weeks post-implantation in vivo.
Although there have been a number of reviews on CPs with regard to biomedical applications (Rivers et al. 2002; Zelikin et al. 2002; Gizdavic-Nikolaidis et al. 2004a,b; Schultze & Karabulut 2005; Abidian et al. 2006; Ahuja et al. 2007; Guimard et al. 2007a,b) , this review focuses solely on the various tissue engineering and drug-delivery applications. Moreover, this review accentuates the various surface functionalization techniques that can be used in order to modify the physico-chemical, electrical and mechanical properties of the CPs so as to improve their potential biomedical applications.
APPLICATIONS

Drug delivery
Current drug-delivery systems are effective at the controlled release of drugs. However, the application is still narrowed to targeting cell clusters rather than the individual cells (Venugopal et al. 2009 ). Developing novel drug-delivery approaches will open up contemporary avenues that were previously unsuited to traditional oral formulations. The use of CPs in the areas of bioanalytical sciences is of immense interest since their biocompatibility opens up the possibility of using them in in vivo biosensor applications (Adeloju & Wallace 1996) for continuous monitoring of drugs or metabolites in biological fluids (Harwood & Pouton 1996) , or as a means of opening up the field to a variety of new analytes (Ahuja et al. 2007 ). The commercially available soluble CPs polyaniline (PANI) grafted to lignin, poly(anilinesulphonic acid) and polypyrrole (PPy) are effective scavengers of the stable 1,1-diphenyl-2-picrylhydrazyl (DPPH) free radical. This property may be particularly beneficial in tissues suffering from oxidative stress, where the ability to lower the excessive levels of reactive radical species is desirable. This free radical-reducing ability of CPs is matched by efficient scavenging of DPPH radicals, with two and four radicals scavenged per aniline or pyrrole monomer unit during the 30 min test period of the DPPH assay, as shown in figure 2, indicating the potential for CPs to be effective antioxidants when present in biological media (Gizdavic-Nikolaidis et al. 2004a,b) . The various vitamins and polyphenol free radical-scavenging antioxidants present in beverages, fruits and vegetables are currently of great interest, as these antioxidants may offer protection against various diseases, such as cardiovascular diseases and cancer (Gizdavic-Nikolaidis et al. 2004a,b) . Li et al. (2005a,b) employed a layered hydrogel (HG) CP composite for drug-delivery applications which was capable of supporting higher concentrations of biomolecules such as heparin. Controlled drug release can also be facilitated using a change in CP redox state to increase permeation of drugs such as dexamethasone (Stassen et al. 1995; Pernaut & Reynolds 2000) . Electrical stimulation of CPs has been used to release a number of therapeutic proteins and drugs like nerve growth factor (NGF; Hodgson et al. 1996) , dexamethasone (Abidian et al. 2006; Wadhwa et al. 2006) and heparin (Li et al. 2005a ). An accelerated release of heparin from the HG immobilized onto PPy films was reported when PPy was electrically stimulated (Li et al. 2005a) . Another study demonstrated the use of poly(3,4-ethylenedioxythiophene) nanotubes (PEDOT NT) polymerized on top of electrospun poly(lactic-co-glycolic acid) (PLGA) nanofibres for the potential release of the drug dexamethasone. Here, dexamethasone was incorporated within the PLGA nanofibres and then PEDOT was polymerized around the dexamethasone-loaded PLGA nanofibres. As the PLGA fibres degraded, dexamethasone molecules remained inside the PEDOT nanotubes. These PEDOT nanotubes favoured controlled drug release upon electrical stimulation. This is because of the change in volume of the PEDOT nanotube upon electrical stimulation owing to the expulsion of anions. Figure 3 demonstrates the incorporation and release mechanism of dexamethasone from PEDOT nanotubes due to electrical stimulation (Abidian et al. 2006) . Although the CPs possess immense potential in drugdelivery applications, they have certain disadvantages attributed to the initial burst release of the drug and the hydrophobic nature of the polymer, which limits their application. Nevertheless, the drug-delivery systems are of immense scientific interest and give hope for the treatment of cancer and also minimum invasive techniques for several neural and cardiovascular applications.
Bioactuators
Bioactuators are devices that are used to create mechanical force, which in turn can be used as artificial muscles. The phenomenon of change in the volume of S560 Review. Conducting polymers R. Ravichandran et al.
the CP scaffold upon electrical stimulation has been employed in the construction of bioactuators. In artificial muscle applications, two layers of CP are placed in a triple layer arrangement, where the middle layer comprises a non-conductive material (Otero & Sansihena 1997; Otero & Cortes 2003) . When current is applied across the two CP films, one of the films is oxidized and the other is reduced. The oxidized film expands owing to the inflow of dopant ions, whereas the reduced film expels the dopant ions and in the process shrinks, as depicted in figure 4 (Otero & Cortes 2003) . Ions can enter the polymer either in the oxidized state as shown in equation (2.1) or in the reduced state as in equation (2.2) (Smela 2003) ,
and Review. Conducting polymers R. Ravichandran et al. S561 dopant ion and P 0 (AC) indicates that a cation is inserted during reduction. The combined effect of simultaneous expansion and contraction is translated into a mechanical force that bends the polymer, which mimics the effect of muscles in biological systems (Gandhi et al. 1995) . CP actuators have many features that make them ideal candidates for artificial muscles, including that they (i) can be electrically controlled, (ii) have a large strain which is favourable for linear, volumetric or bending actuators, (iii) possess high strength, (iv) require low voltage for actuation (1 V or less), (v) can be positioned continuously between minimum and maximum values, (vi) work at room/body temperature, (vii) can be readily microfabricated and are light weight, and (viii) can operate in body fluids (Smela 2003) . PPy, PANI and PPy -PANI composites and composites of these polymers with carbon nanotubes (CNT), i.e. PANI -CNT and PANI -CNT -PPy, have all been explored for their ability to function as actuators. Of these materials, PPy-PANI produced the highest work per cycle, which is desirable for strong mechanical properties. PPy actuators have also been fabricated, in which the forces created through doping and undoping the CPs are used to produce movements and create artificial muscles (Spinks et al. 2005a,b) . For bioactuator applications, advantages of CPs include their strength, their ability to function at room or physiological temperatures and their ability to work with liquid electrolytes, such as body fluids (Spinks et al. 2005a (Spinks et al. ,b, 2006 .
Tissue engineering applications
The general CP properties desired for tissue engineering applications include conductivity, reversible oxidation, redox stability, biocompatibility, hydrophobicity, three-dimensional geometry and surface topography. CPs are widely used in tissue-engineering applications because of their ability to subject cells to an electrical stimulation. Studies have addressed cell compatibility when a current or voltage is applied to PPy (Schmidt et al. 1997) . Although little evidence of cytotoxicity was seen after long-term exposure to current (e.g. 96 h exposure to 1 mA), shorter periods of exposure to current have not been found to have negative effects on cells in culture (Williams & Doherty 1994) . However, recently, PEDOT has received a lot of attention owing to its higher electrical conductivity and chemical stability. For example, Abidian et al. (2010) demonstrated the biocompatibility of PPy and PEDOT, in film and nanotube morphology, by culturing neuronal cells using an in vitro dorsal root ganglion model. Figure 5 shows the neurite outgrowth and neuronal cell proliferation on the PPy and PEDOT substrates. An advantage offered by CPs is that the electrochemical synthesis allows direct deposition of a polymer on the electrode surface while simultaneously trapping the protein molecules (Bartlett & Whitaker 1988) . However, the hydrophobicity of CPs is a major limitation for successfully entrapping proteins and maintaining their bioactivity. Different approaches have been analysed to overcome this drawback, including the use of monomers that contain both redox centres and hydrophilic chains (Cosnier et al. 2003) , blends with polyelectrolytes (Hodgson et al. 1996) and CP-HG composites (Brahim et al. 2002; Brahim & Guiseppi-Elie 2005) .
2.3.1. Neural applications. Neural probe applications require materials with high surface area, hydrophobicity and cell specificity to improve and maintain good SNR for detection of neuron signals. Typical neuroprosthetic implants are usually fabricated from platinum, gold or alloys of these metals and iridium oxide, but the minimal interaction of these materials with neural tissue limits their ability to provide optimal stimulation and recording from neural cells. While these neuroprostheses are used to electrically evoke responses in specific neural tissue through controlled stimulation paradigms, they can also perform recording functions that output information on the status of the neural -tissue interface. Neural interfaces ideally have intimate contact between the excitable tissue and the electrode to maintain signal quality and activation of neural cells. The impact of biological inclusions on polymer properties and their performance in neural prosthetics requires a greater understanding of the CP film characteristics for longterm performance. Neural recording electrodes have demonstrated clinical potential in assisting paralysed patients to control artificial limbs (Schwartz 2004) . Neural electrode functionality can be increased by modifying the surface of the electrode sites with low impedance conductive polymer coatings with nanoscale roughness or porosity (Yang & Martin 2004a,b) and through the incorporation of cell adhesion peptides (Cui et al. 2001) , proteins (Buchko et al. 2001; He & Bellamkonda 2005) or anti-inflammatory drugs (Abidian et al. 2006) . Optimizing the electrode interface will however require a trade-off between the desired Review. Conducting polymers R. Ravichandran et al. S563 electrical, mechanical, chemical and biological properties. Schmidt et al. (1997) showed that PC12 cells cultured on PPy films and subjected to electrical stimulation showed a significant increase in neurite lengths when compared with the passive control. However, this neurite outgrowth was significant for only the first 24 h. Beyond this time frame, no significant difference was observed with passive controls. Electrical stimulation with neural electrodes is used clinically to improve conditions such as hearing loss (cochlear implants) (Edgerton et al. 1982 ) and Parkinson's disease (deep brain stimulators) (Kringelbach et al. 2007) . It was found that, when PPy CP was coated onto cultured substrates on which cochlear explants are cultured, the neurite growth improved upon the incorporation of neurotrophins like NT-3 and brain-derived neurotrophic factor (BDNF), as shown in figure 6. Such CP-based materials provide a biocompatible substrate for storage and release of neurotrophins and also to help protect auditory neurons from degradation after sensorineural hearing loss and encourage neurite outgrowth towards the electrodes. This study suggests that this technique can be further used for cochlear implants (Thompson et al. 2010) . In another study, the authors designed a neural probe, which could also be used as a neural scaffold, from PPy doped with polystyrenesulphonate (PSS) or sodium dodecylbenzenesulphonate (NaDBS; George et al. 2005) .
Conductive neural interfaces tailored for cell interaction by incorporation of bioactive factors produce superior neuroprosthetic devices with improved charge transfer capabilities. A study examined the effect of entrapping NGF within the CP PEDOT during electrodeposition to create a polymer capable of stimulating neurite outgrowth from proximal neural tissue (Green et al. 2009a,b) . The incorporation of NGF can modify . Dorsal root ganglion explants cultured on conducting polymer (CP) films and nanotubes. Ganglia on PPy film (a) and PPy nanotubes (c) degraded and had shorter and more branched neurites than PEDOT film (b) and PEDOT nanotubes (d ), respectively. The extent of branching is best observed at higher magnification of PPy nanotubes (e) and PEDOT nanotubes ( f ). CP nanotubes produced longer neurites than their corresponding films, with PEDOT nanotubes producing the longest neurites overall (g). Column height represents the mean while error bars reflect the standard error of the mean for 10 neurites per condition (n ¼ 10; Abidian et al. 2010) . Scale bars (a-d), 400 mm; (e,f ), 200 mm.
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the biological interactions of the electrode without compromising the conductive properties or the morphology of the polymeric film, as shown in figure 7. Besides neurotropic growth factors, other biomolecules such as laminin peptides can be used to dope PEDOT, creating CPs with cell attachment properties (Green et al. 2009a,b) . It was observed that the anodic peak potential (Epa) values upon incorporation of NGF to the CP PPy was found to shift to more positive values, increasing the applied charge, and thereby indicating more deposition of PPy and NGF (Gomez et al. 2007) . Moreover, at higher current density, it was noticed that the amount of NGF incorporated was less than at lower current densities because of either slow diffusion or denaturing of the incorporated NGF when excessive current was applied (Gomez et al. 2007) . Kim et al. (2006) have reported the incorporation of both collagen and NGF into PPy, and confirmed the activity of both biomolecules through the neurite outgrowth of PC12 cells. CP coatings aim to improve the electrode-tissue communication by providing a high surface area material more conducive to cell and tissue integration. Surface modification of neural electrodes with CP films is intended to improve probe sensitivity while suppressing detrimental immune responses and promoting neural tissue regeneration by angiogenesis, neurite extension and synapse formation. George et al. (2005) examined PPy biocompatibility and found that neurons and glial cells enveloped the PPy implant, as shown in figure 8. Studies have proved that PEDOT nanotubes can improve the signal quality of recording sites and the long-term performance of chronically implanted neural microelectrodes in vivo in rats for up to seven weeks (Abidian et al. 2007 ). The authors have further confirmed that the PEDOT nanotubes enhanced the quality of recording signals ). In this paper, the researchers measured in vivo electrochemical impedance spectroscopy (EIS), noise level, quality of unit activity and analysed local field potentials (LFPs), as shown in figure 9. They Review. Conducting polymers R. Ravichandran et al. S565 demonstrated that electrodes modified with PEDOT nanotubes registered high-quality unit activity (SNR . 4) on 30 per cent more sites than controls (uncoated), primarily as a result of a reduced noise floor. They also showed that sites modified with PEDOT nanotubes had significantly low frequency artefact in LFP recordings. The Nyquist plots of in vivo EIS measurements revealed that the PEDOT nanotubes may be used as a novel method for biosensing to indicate the transition between acute and chronic responses in brain tissue . The same group also demonstrated that the EIS measurements for the uncoated electrode acted as a pure capacitor while the CP nanotube-coated electrode acted as a capacitor at frequencies less than 100 Hz and as a resistor at frequencies more than 100 Hz, as shown in figure 10a . Figure 10b illustrates PPy and PEDOT nanotubes on the surface of the electrode. It was observed that the value of resistance was the largest in PPy, and varied according to the following sequence: PPy . PPy NTs . PEDOT . PEDOT NTs (Abidian & Martin 2008) . The role of PEDOT in improving the recording functionality of the HG-coated neural electrodes was analysed. A significant loss in recording functionality was observed with thicker HG coatings, as determined by the number of clearly detectable units (30% with 80 mm thick coatings) and average SNRs (3.91 with 80 mm thick coatings). However, deposition of the CP PEDOT on the electrode sites restored the lost functionality of the electrodes, as shown in figure 11 . These CP/HG coatings have the potential to improve long-term performance of the neural electrodes not only by improving the electrode biocompatibility but also by facilitating more efficient signal transmission (Kim et al. 2009 ). In another study, PEDOT was electrochemically polymerized directly in the presence of neural cells seeded on electrodes, resulting in the formation of a CP matrix around and onto the adhered cells (Richardson-Burns et al. 2007 ). Further they investigated whether an intimate interface can be formed between living neurons and a CP towards establishment of the direct, functional contact that is required for communication between a bioelectronic device and its target tissue (Hutzler & Fromherz 2004; Merz & Fromherz 2005) . It was found that intimate interactions exist between the CP and the neuronal membrane, revealed as the PEDOT surface was covered by delicate filopodia and neurites, characteristic of the existence of a unique cell-polymer-electrode interface, as indicated in figure 12 (Richardson-Burns et al. 2007 ). This system may be an ideal candidate material for the development of a new generation of biosensors and 'smart' bioelectrodes. Two studies have S566 Review. Conducting polymers R. Ravichandran et al.
characterized the electrochemical deposition of PEDOT and PEDOT-MeOH (poly(hydroxymethylated-3,4-ethylenedioxythiophene)) on neural probes Xiao et al. 2004) . Both forms of PEDOT were doped with the laminin-derived DCDPGYIGSR peptide and it was observed that rat glial cells preferentially grew on a PEDOT-DCDPGYIGSR-modified surface (Guimard et al. 2007a,b) . Abidian and co-workers described a successful example of hybrid coating including nanostructured CP, drug-loaded nanofibres and HG coating for neural microelectrodes. The design and characterization of a multi-functional, hybrid nanostructured interface for neural microelectrodes that is soft, has low impedance, has high charge density and is capable of controlled drug release was noticed. The design includes: (i) biodegradable electrospun nanofibres for the controlled release of drugs and to provide a scaffold for the formation of CP nanotubes and (ii) HG layers for the sustained release of drugs, and to provide a scaffold for the formation of nanostructured cloud-like CPs. The fabrication process and optical and SEM images of coating on a neural microelectrode are illustrated in Review. Conducting polymers R. Ravichandran et al. S567
figure 13a,b. These HG coatings provide a mechanical buffer layer between the hard silicon-based probe and the soft brain tissue, a scaffold for growing the CP within the hydrogel matrix and a diffusion barrier for controlling drug release ). PEDOT oxidation is performed in the presence of alcohol polymerization or post implantation may induce the formation of sulphonic acid esters. In particular, methyl and ethyl methanesulphonate esters are known genotoxins and carcinogens in rats and mice (IARC 2004) , whereas the toxicity of p-toluene sulphonate esters has been generally established (Glowienke et al. 2005) . Unfortunately, these materials are not selective enough for neurons and over time the neural signal decreases. Such decreases in conductivity continue to be a challenge in neuroprosthetic devices. Recording and stimulating neural prostheses can improve our understanding of the organization and operation of the nervous system and may lead to improved prosthetic devices for tackling some of mankind's most debilitating disorders, including deafness, paralysis, blindness, epilepsy and Parkinson's disease.
Cardiovascular applications.
The complexity of the electrical conduction pathways in the heart has received tremendous attention in the field of cardiac tissue engineering. The cardiac cells ought to form the proper intercellular connections and matrix architecture so as to enable the electrical impulses to be transmitted in the appropriate direction at normal speed (Zimmermann et al. 2000) . Further, the contraction of the cardiac muscle is driven by the waves of electrical impulses generated, which induces the mechanical stretch in the native heart. Any impairment in the electrical signal conducting pathway leads to cardiovascular diseases (Zimmermann et al. 2002) . This is where a CP scaffold-based approach can be potentially useful. Li et al. (2006) demonstrated the potential for using PANI as an electroactive polymer in the culture of excitable cells for cardiac and/or neuronal tissue engineering applications. Various approaches of covalently attaching oligopeptides to PANI and electrospinning PANI -gelatin blend nanofibre scaffold were analysed as potential candidates for cardiac tissue engineering applications using H9c2 myoblast cells, as shown in figure 14 (Li et al. 2006) . In addition, a PPy-heparin composite was found to be a good substrate for endothelial cell growth (Garner et al. 1999a,b) , and a PPy-hyaluronic acid (HA) composite seemed to S568 Review. Conducting polymers R. Ravichandran et al.
promote vascularization (Collier et al. 2000) . Besides, PPy doped with erythrocytes can be used for the detection of blood rhesus factor via the rhesus factor antigens present on the cell surface (Campbell et al. 1999 Review. Conducting polymers R. Ravichandran et al. S569
SURFACE FUNCTIONALIZATION OF CONDUCTING POLYMERS
Physical -chemical modifications
Surface modification of the CP for incorporating biomolecules has been achieved by both physical and chemical modifications. Such modifications can be used to generate both physical and chemical guidance cues, which can be employed for the desired biomedical application. Chemical modification has been extensively investigated using biomolecules as dopants , or by immobilizing bioactive moieties on the surface of the material (Zhong et al. 2001) . Physical modification has been explored by increasing surface roughness using various methods, such as creating microporous films using polystyrene sphere templates, fabricating composites of nanoparticles and polylactide (Yang & Martin 2004a,b) , growing CPs within HGs (Kim et al. 2003; ) and blending with biomolecules to yield 'fuzzy' structures . Kim et al. (2004) have shown that PPy with an underlying layer of HG applied to cortical electrodes had a lower impedance and improved cell attachment properties than PPy/PSS alone. This technique can be used to alter CP surface topography. Surface functionalization of tosylate-doped PPy films may be represented by means of (i) grafting acrylic acid (this molecule bearing a COOH functional moiety could also covalently bind matrix molecules and/or growth factors, which may in turn favourably influence cell adhesion and/or proliferation as indicated in figure 15 (Mattioli-Belmonte et al. 2002) ), (ii) co-electrospinning or blending with natural proteins to form conducting nanofibres or films, and (iii) preparing CPs using natural biopolymers, such as collagen and gelatin as templates.
The electrode coatings employed are usually soft (Yang & Martin 2006) and can be tailored at the micrometre, nanometre and molecular scale to have fibrillar, nodular, fuzzy, tubular (Abidian et al. 2006) or porous surface morphologies (Kim et al. 2004; Yang & Martin 2004a,b; Yang et al. 2005) . Thus, most tissue-and device-compatible surface modifications of the electrode would be inducing electrical activity, bioactivity, mechanical softness and topological features on a similar scale to that of cells in tissues. Cell-templated polymer coatings were analysed using neuron-templated PEDOT coatings after the removal of cells and cell material from the PEDOT matrix after polymerization around the cells. This cell-templated polymer surface was found to encourage the cells in the host tissue to re-populate the cell-shaped holes and send processes into the various topographical features on the template-like tunnels, troughs, crevasses and caves. This would provide for very intimate contact between cells and the CP (as depicted in figure 16 ), ensuring continuous electrical contact between the electrode and the tissue (Richardson-Burns et al. 2007) . Moreover, the topographical patterns can provide contact guidance cues to primary neurons (Gomez et al. 2007) . The surface roughness properties of the CP films can be tailored by modifying the CP synthesis temperature. Finetuning the surface roughness characteristics is significant because rougher topography correlates with increased surface area, which would increase signal conduction by increasing the interface with neurons. For example, PPy films synthesized at a lower temperature (418C) were rougher than the same films made at 2518C (Guimard et al. 2007a,b) . It was also demonstrated that the hippocampal neurons cultured on PPy microchannels polarized faster, meaning that more cells had defined axons when compared with controls on unmodified PPy, thereby proving the role of topography (Schultze & Karabulut 2005) . Kmecko et al. (2006) demonstrated that the addition of carbon nanotubes as dopants to PPy and PEDOT CP favours the formation of nodules and increases the surface roughness. Studies have found that fibroblasts attached and grew well on the PPy nanoparticle-PLA composites with an increased viability when stimulated at currents of 10 -50 mA. This material retained biocompatibility in vivo even after maintaining electroconductivity for long periods of time (15% of conductivity retained after 1000 h; Wang, Z. et al. 2003 Wang, Z. et al. , 2004 Wang, X. et al. 2004) . Similarly, PANI -chitosan nanocomposites and PANI -gelatin cross-linked composites have been explored to increase biocompatibility and enhance surface characteristics. It was found that varying the ratio of PANI to gelatin allowed for the optimization of conductivity and fibre diameter, where cells were found to prefer fibres of smaller diameter (Cheng et al. 2005; Li et al. 2006) . Svennersten et al. (2009) compared the cell adhesion behaviour between the reduced and the oxidized states of PEDOT -tosylate electrode surfaces. Figure 17 depicts the proposed molecular mechanism that mediates cell adhesion and proliferation on the reduced electrode while inhibiting adhesion and proliferation on the oxidized electrode. This is because the latter induces alteration of the fibronectin (Fn) conformation, which severely compromises cell adhesion and viability. This work proved that cell adhesion and proliferation can be controlled by electrochemical modulation of surface parameters. Electrochemically active polymers were also explored as the surface switch material to regulate surface wetting (Salto et al. 2008) . Electrochemical switching in polymers is expected to affect the strength and the density of dipoles and the binding characteristics of doping ions. Thus, by modifying the electrochemical switch, it is possible to achieve electronic control over the surface tension (Isaksson et al. 2004; Sun et al. 2004; Causley et al. 2005; Robinson et al. 2006) . It has also been reported that the wetting and adhesive properties of an electroactive polymer can be varied by changing its oxidation state.
Functionalization of CPs with different biomolecules has allowed biomedical engineers to modify CPs with biological sensing elements, and to turn on and off different signalling pathways required for several cellular processes to create CPs that enhance cell proliferation/differentiation. Dopants can also be used as intermediate 'tethers' to allow further modification of CPs. For example, doping with poly(glutamic acid) (PGlu) provides a carboxylic acid pendant group, which can be functionalized further by covalent linking using carbodiimide chemistry to any amino group, such as those found in polylysine and laminin (Song et al. 2006) . Three-dimensional nanofibrous PPy/SIBS ( poly(styrene-b-isobutylene-b-styrene) mats were fabricated using a vapour phase polymerization method. It was demonstrated that the PC12 cells cultured on these films had a higher cell density and more firm adhesion, and exhibited a spreading polygonal shape, suggesting good phenotypic spreading as shown in figure 18 . Owing to these favourable properties, the three-dimensional PPy/SIBS scaffolds can be used as nerve growth guidance channels (Liu et al. Review. Conducting polymers R. Ravichandran et al. S571 2008) . Sanghvi et al. (2005) functionalized the surface of chlorine-doped PPy to anchor peptide molecules that promote nerve regeneration, blood vessel growth or other biological processes. Moreover, peptide-modified PANI surfaces have also shown excellent cell adhesion. PANI films with YIGSR and RYSGI peptides covalently attached to them showed higher PC12 cell proliferation than the control PANI films (Meng-yan et al. 
Electrical property modification
Doping is the process of oxidizing ( p-doping) or reducing (n-doping) a neutral polymer and providing a counter anion or cation (i.e. dopant), respectively. Upon doping, a CP system with a net charge of zero is produced owing to the close association of the counter ions with the charged CP backbone. This process introduces charge carriers in the form of charged polarons (i.e. radical ions) or bipolarons (i.e. dications or dianions) into the polymer. The attraction of electrons in one repeat unit to the nuclei in the neighbouring units yields charge mobility along the chains and between chains, often referred to as 'electron hopping'. The ordered movement of these charge carriers along the conjugated CP backbone produces electrical conductivity. The smaller the band gap (i.e. distance between conducting band and valence band) energy for a CP, the more conductive it is considered to be (Guimard et al. 2007a,b) .
The electrochemical properties of the CP can be varied by changing the dopant concentration. Electrical conductivities can be varied by as much as 15 orders of magnitude by changing dopant concentrations so that control is feasible over the entire range from insulator to semiconductor and then to metal (Malhotra & Singhal 2003) . The commonly used dopants include aromatic sulphonate variants para-toluenesulphonate ( pTS), PSS and sodium benzenesulphonate (BS) to dope polymers (Yamato et al. 1995; Cui et al. 2001; Wang, X. et al. 2004; Wang, Z. et al. 2004 S572 Review. Conducting polymers R. Ravichandran et al. Finkenstadt 2005) . The potential neural applications of the CP PEDOT were shown by fabricating electropolymerized PEDOT onto gold electrodes with a neural transmitter of glutamate (Glu) as the dopant (Peramo et al. 2008) . The resultant PEDOT/Glu coating has lower impedance over a wide range of frequencies than bare gold, which is significant for obtaining high-quality electrical signals. Moreover, the coating exhibits good electrical activity in phosphatebuffered saline, implying that it can establish a bridge between the modified metal electrode and brain tissue (Peramo et al. 2008 ). Abidian and co-workers have compared the electrical properties of different combinations of CP within the HG, nanotubes in terms of EIS and the capacity of the charge density, as shown in figure 19 . They have shown that the minimum impedance occurred in the case of combination of PEDOT nanotubes and PEDOT within the HG. The impedance decreased significantly at 1 kHz from 783 (bare gold) to 2.5 kV (PEDOT NTs þ HG þ PEDOT). It was also demonstrated that the capacity of the charge density increased significantly, by about two orders of magnitude, from 1.28 to 223.8 mC cm 22 in the case of PEDOT NTs þ HG þ PEDOT .
The choice of the dopant material varies depending on the application desired. For example, tetraethyl tosylate can be used as a dopant with PPy to obtain thick, self-standing films with good mechanical properties (Wynne & Street 1985) . However, a major drawback of employing dopants is the possible diffusion of the dopant into the culture medium with effects on cytotoxicity and deterioration of the electrical characteristics of the CP film itself. For instance, dodecyl sulphate-doped PPy films undergo structural changes after one week of soaking in deionized water . The uptake of positive ions from the medium in the case of large, entrapped dopants like PSS poses a threat to the cellular mechanisms. For example, in PPy-doped PSS, an uptake of positive ions such as Na þ from the medium is speculated to affect several cellular processes, including protein adsorption and the cell cycle (Wong et al. 1994) . PSS is widely used as a dopant in combination with PPy because of its relatively inert nature, its stability once deposited and biocompatibility upon implantation (Wang, X. et al. 2004; Wang, Z. et al. 2004) . Other studies have also explored the modification of PPy via different dopants, including doping with dermatan sulphate for increasing keratinocyte viability (Ateh et al. 2006) , doping with heparin for increasing endothelial cell proliferation (Garner et al. 1999a,b) and doping with laminin-derived peptides to control neuron and astrocyte adhesion (Stauffer & Cui 2006) .
Studies have been carried out to compare the various physical properties and conductivities of the CP PPy films in the presence of different dopants. It was demonstrated that PPy films doped with PSS, a polyanionic molecule, have more hydrophilic surfaces than those films doped with monoanionic dopants such as Cl and ToS. PSS-doped PPy films serve as a more suitable candidate for long-term implants such as neural probes. This may be owing to the presence of free charges in the longer strands of PSS in the PSS-doped films, whereas no such free charges exist in the Cl-and ToS-doped films. It was also shown that PSS-doped PPy films had a smooth surface with the roughness remaining almost constant for all thicknesses. ToS-doped PPy films also maintained essentially constant roughness, but samples thicker than a few hundred nanometres showed an increase in roughness Review. Conducting polymers R. Ravichandran et al. S573 as they become thicker. Chloride-doped PPy films were much rougher than PSS-and ToS-doped PPy, and its roughness rapidly increased with thickness. Moreover, ToS-doped PPy films showed conductivities 10 times higher than either PSS-doped or Cl-doped films. Hence, ToS-doped PPy films can be used in applications requiring high conductivity. According to the surface morphology of the doped CP film, the morphology of the cells cultured on these films was also found to differ. Schwann cells grown on PSS-doped PPy films seem to prefer a thin, spindle-like morphology, whereas films doped with the other two dopants seem to prefer a more spread morphology. Thus, depending on the desired application, the dopant molecule can be chosen accordingly (Guimard et al. 2007a,b) . The range of possible dopants is vast as long as the selected dopant is charged. Alternatively, covalent methods can be used to more permanently functionalize CPs. The monomer can be synthesized with desired functional groups and then polymerized, or postpolymerization covalent modification is also possible. It is important to note that the steric effects of any incorporated functional group may disrupt the planarity of the conjugated system, which could in turn decrease conductivity.
Mechanical property modification
The tensile properties for CPs such as polyacetylene (Druy et al. 1980) and PPy (Diaz & Hall 1983) have been reported to be disappointing in comparison with a linear macromolecule. However, the moduli and tensile strengths have been reported to increase as a result of annealing (Machado et al. 1989) . Besides, the mechanical properties have also been shown to depend on the method of synthesis of the CP (Diaz & Hall 1983) . The addition of dopant molecules affects the mechanical properties of the CP. It has been reported that the addition of dopants like SbF 5 and AsF 5 caused a considerable reduction in the modulus and strength of the material. This may be because even though the addition of dopants causes an increase in the average cross-sectional area, no significant contribution was achieved towards the load-bearing capacity of the polymer, thereby lowering its modulus (Machado et al. 1989) . Also, doping resulted in embrittlement and scission, because of the strong oxidizing potential of the S574 Review. Conducting polymers R. Ravichandran et al.
dopants employed. Sometimes doping reduces the tensile modulus and attainable strain to about 1 per cent in cases where the effect of doping is greater, because of the lateral separation of the polymer chain required to accommodate the dopant molecule (Osada et al. 1992; Osada & Gong 1993) . Modification of the mechanical properties can also be achieved through the variation of the alkyl chain length (Otero & Sansihena 1997) . Also, solubility can be achieved through the addition of appropriate side chain groups. For example, the solubility of poly(3-alkyl thiophene) can be increased by incorporating side chain lengths greater than four carbon atoms (Wu et al. 1996) . Mechanical properties of the CP can be varied by their surface morphology. For instance, it has been demonstrated that mechanical properties on the surface of electrodes varies in the case of nanotube morphology compared with films. Abidian et al. (2010) demonstrated that PPy and PEDOT nanotubes can adhere better to the surface of electrodes than their film counterparts. Figure 20 demonstrates the delamination of PPy and PEDOT films during electrical stimulation. Recent studies have shown that procedures such as melt processibility/stretching under increased temperature has allowed for the introduction of chain alignment and extension, thereby improving the mechanical property of the CP films (Caruso et al. 2009 ). Such mechanical property modifications are useful for biological applications like bioactuators.
FUTURE PERSPECTIVES
Future perspectives in neural development need to focus on creating CPs with multiple biological functionalities, and this will ultimately be achieved by combining both soluble signals such as growth factors like NGF and structural ligands like adhesion sequences derived from the extracellular matrix. The use of CPs as a means to electrically stimulate cells for tissue More delamination of PEDOT film was observed than for PPy film on the edges of electrode sites ( p , 0.0001). PEDOT and PPy films and nanotubes were electropolymerized on the electrode site with a deposition charge density of 1.44 C cm
22
. CV measurement was carried out by applying a scanning voltage from 20.9 V to 0.5 V with a scan rate of 100 mV s 21 for five cycles (Abidian et al. 2010) .
Review. Conducting polymers R. Ravichandran et al. S575 regeneration has also been widely explored. However, the largest limitation of using CPs in tissue regeneration is their inherent inability to naturally degrade. Erodible CPs (Zelikin et al. 2002) and CPs blended with degradable materials like polylactide, polyglycolide and their copolymers or ester linkages have been created in an attempt to overcome this issue. Schmidt and co-workers proposed an alternative to create a CP composed of conductive and degradable backbone units. This polymer design is foreseen to allow for better control over polymer properties, such as degradation rate and conductivity (Guimard et al. 2007a,b) . Metal electrode materials used in active implantable devices are often associated with poor long-term stimulation and recording performance. Modification of these materials with CP coatings has been suggested as an approach for improving the tissue -electrode interface and increasing the effective lifetime of the implants. PPy film has been used as a coating polymer for Ti alloy substrates to improve osteointegration performances (De Giglio et al. 2001) ; such improvements, like its electropolymerization on the surface of metal alloys (De Giglio et al. 2001) , also with the covalent attachment of an RGD (Arg-Gly-Asp)-containing peptide (De Giglio et al. 2000) or acrylic acid grafting (Cen et al. 2003) , will enable the development of bioactive materials for potential use in orthopaedic applications (e.g. Ti orthopaedic prostheses). Metallic surfaces can be coated with CPs to impart the metallic surfaces with topography and functionality. This can be employed for generating more biocompatible and biofunctional interfaces on metallic medical implants such as stents (Weiss et al. 2004) .
However, challenges facing CPs include poor electroactive stability and mechanical properties as well as control of the mobility, concentration and presentation of bioactive molecules. Strategies have been proposed to create electroactivity in the absence of external electric fields (i.e. tissue scaffolds and wireless extracellular and intracellular biosensors) to pursue medical bioelectric needs with ease.
CONCLUSION
CPs have immense applications in the fields of drug delivery, neuroprosthetic devices, cardiovascular applications, bioactuators, biosensors and the food industry. The surface modifications of CPs proposed should (i) facilitate the transport of charge carriers between the implanted device and resident tissue, (ii) mediate the large difference in mechanical modulus, (iii) lower the impedance to enhance the sensitivity of the recording site (the electrode), and (iv) have biocompatibility and stability in the physiological environment. Functionalization of CPs with different biomolecules/dopants has allowed biomedical engineers to modify CPs with biological sensing elements, and to turn on and off different signalling pathways required for several cellular processes, in order to create CPs that enhance cell proliferation/differentiation. CPs thus provide an excellent opportunity for fabricating highly selective, biocompatible, specific, stable, economic and handy biomedical devices.
